We present an overview of recent developments in charm physics reported in the Working Group 7 meetings of the CKM 2016 workshop. Progresses in experimental analysis and techniques were reported by LHCb, Belle, BABAR and BESIII along with projections for the future. Developments were also reported in the phenomenological extraction of both direct and indirect CP violation from data in two-, three-and four-body hadronic decays of the D mesonic system. 9th International Workshop on the CKM Unitarity Triangle
Introduction
While the LHC ramps up data through Run 2, and Belle II prepares for the commencement of its run in the near future, it is important to examine the prospects that the study of charm dynamics brings about in our understanding of fundamental physics at the GeV scale. Physics at the charm threshold has the dual aspect of being in the psuedo-perturbative regime and being a platform for probing dynamics beyond the Standard Model (SM) since the latter leaves very tiny traces in quite a few decay modes. While charm dynamics has been a second cousin in the study of flavour physics because of its detachment from both heavy quark techniques and chiral perturbation theory and not been given proportionate attention in the realms of experimental studies, much development has been made in the past few years with renewed interests in phenomenological and experimental studies. There are significant hurdles in the development of theoretical frameworks for charm dynamics which lie beyond perturbation theory.
• Traditional techniques for heavy quarks: factorization, pQCD etc. do not work, even conceptually.
• Attempts have been made to use hybrid forms of chiral perturbation theory but charm is too massive for that.
• Attempts have been made to use SU (3) FL breaking arguments in the (u, d, s) multiplets to extract reduced matrix elements, analyze tree and penguin contributions etc. However, traditional SU (3) FL breaking through the strange quark mass insertion lies on shaky ground as some assumptions have to be made.
• When one uses the OPE approach, there is no clear distinction between the long distance and the short distance due to the dominance of light quark operators.
• Charm hadrons are heavy enough to decay into high multiplicity states, a bane and a boon.
Experiments have been been designing rich programs for charm dynamics which should yield interesting results in the near future:
• Charm is being produced in significantly large numbers, especially in hadron machines: at LHCb ∼ O(10 13 ) charm pairs are being produced and the future holds promises of much more.
• Extraction of charm signals from the background has significantly improved.
• A beauty factory can produce as much charm as beauty.
• Dedicated charm threshold runs possible at super flavour factories.
• BESIII provides important input that can be used to analyze charm data at the LHCb [1] and Belle II.
In the following section we will review some key phenomenological developments in charm dynamic followed by details of the results from LHCb, Belle, BABAR and BESIII along with future experimental prospects.
Phenomenological Developments
Both the study of strong dynamics and the probe for new physics in charm dynamics lays great focus on direct and indirect CP violation, in the decay and oscillation of charmed mesons respectively. In this review, we will focus on phenomenological developments in the estimations of direct CP asymmetries in the hadronic decays, on D 0 -D 0 oscillations and possibilities of measuring indirect CP violation in multibody hadronic decays through amplitude analyses.
CP violation in two-body hadronic decays of the D system
In the past few years there has been some renewed interest in developing parametric models based on topological or SU (3) FL arguments to use experimental measurements of the branching fraction of D → PP decays (D = D 0 , D ± (s) and P = π, K, η, η ′ ) to get a handle on CP asymmetries in these channels. The obvious hurdle in the estimation of the latter has been the the lack of theoretical control on the crucial Penguin amplitude, the magnitude and phase of which quantifies the CP asymmetry in these channels. In addition, the complexities of disentangling the short distance from the long distance at scales of these decays render theoretical estimation of many other topologies difficult. While it is well known that direct CP asymmetries can primarily find expression in the singly Cabibbo suppressed (SCS) modes the measured branching fractions of the Cabbibo favoured (CF) and doubly Cabbibo suppressed (DCS) modes can be used to constrain the parameters in the CP conserving part of the amplitude [2, 3, 4] .
U. Nierste presented a study on the estimation of CP violation in two-body decays of the charmed meson system focussing on D → PP decays. The first part [3] addresses how sum rules for CP asymmetries can be built amongst a subset of these channels to eliminate the necessity for estimating the Penguin amplitudes which are difficult to predict within the SM. The other topologies appearing in the CP conserving part are extracted from branching fraction measurements using linear SU (3) FL breaking arguments and 1/N c counting as explained in [5] . The sum rules connect two sets of three asymmetries
. This improves the predictability of these asymmetries significantly but depends on the assumed size of SU (3) FL breaking.
Recently, both LHCb [6] and Belle [7] presented their results on
In the SM at the SU (3) FL conserving limit the branching fraction of this mode vanishes. Hence the CP asymmetry is enhanced due to the suppression of the CP conserving amplitude by this broken symmetry. The CP violating part of the amplitude receives, possibly sizable contribution from the tree-level exchange diagram. The authors of [4] estimate the SM contribution to be:
An overview of these results can be found in [8].
Multi-body hadronic decays of the D system
Amplitude analysis is a good way to study interference effects and hence critical for the study of strong phases and CP violation. However, the extraction of information from Dalitz plots are often model dependent, a review of which can be found in [9] . J. Rademacker presented model comparisons in Dalitz plot analysis done for
where three different isobar models were used with different components in the high K + K − mass region including a model with a non-resonant component which proved disfavoured compared to the other two. These models were instrumental in this study of the K + K − S-wave properties which is the dominant component in this decay mode like other three body decay modes with a pair of identical particles in the final state.
Another analysis done for
where GLASS and LASS parameterizations of the Kπ S-wave were used. Both models proved to give good representation of the data indicating absence of strong dependence of the analysis on the S-wave parametrization. A CP violation search was also performed and no significant effects were found. These models will be useful in future studies of D 0 −D 0 mixing, indirect CP violations and the CKM angle γ. Several studies of CP violation in tree body decay modes were also presented from Belle [12] and CDF [13] for D 0 → K S π + π − and BABAR [14] for D ± → K + K − π ± . Emphasis was laid on input from the charm threshold data from CLEO-c and BESIII which can lead to model independent analyses such as the one done for D 0 → K S π + π − at LHCb [15] For four body decays such as D 0 → π + π − π + π − , a five dimensional generalization of the Dalitz plot can be made as studied in [16] using data from CLEO-c. Due to the complexity of the intermediate resonances, a large number of components have to be used, 18 in this case. No CP violation is found in this study. It was also emphasized that four body decay modes can provide new observables unavailable in 3 body modes such as T-odd moments which can then be used to construct measures of CP violation from the difference of T-odd moments in CP conjugate states. This was studied by LHCb [17] and BABAR [18] 
Neither of the studies found evidence of CP violation.
UTfit results in oscillations and CP violation in the neutral D system
Oscillations of the neutral D system are well established. However, no signatures of CP violation from oscillations have been traced as yet. The presence of indirect CP violation would be implied by
The UTfit Collaboration performs a fit for the mixing parameters x, y and |q/p|. It is assumed that there is no direct CP violation in the CF or DCS decays. It is also assumed that Γ 12 , the absorptive part of the off-diagonal element of the mixing matrix, is driven by CF decays. This allows for the interpretation of φ in terms of x, y and |q/p| using the relations
leaving only three independent parameters for the fit [19, 20] . The fit can also be performed in terms of M 12 , Γ 12 and Φ 12 = arg(Γ 12 /M 12 ) where M 12 is the dispersive part of the off-diagonal elements of the mixing matrix [21] . The fit average can be summarised as
• or alternatively,
• Both |q/p| is compatible with 1 and φ is compatible with 0 implying the lack of evidence of indirect CP violation. Moreover, it can be assumed that the SM contribution to M 12 and Γ 12 is real. However, NP can bring about a phase in M 12 leading to a non-zero Φ 12 while leaving negligible traces in Γ 12 . The latter is compatible with 0 from the fit validating the SM hypothesis. All the input used to perform the fit can be found in Table 1 of [21] . The results cited above are from the summer of 2015 and the UTfit collaboration plans on updating the fits soon. The probe of new physics (NP) scales through D 0 -D 0 oscillations assuming O(1) couplings and generic flavour structure were also discussed emphasizing on the fact that these lower bounds on NP scales are second only to those from ε K . The lower bounds can be as high as O(10 5 ) TeV.
Developments at LHCb
Charm particles are among the most abundantly produced in high-energy pp collisions at the Large Hadron Collider. With a cc production cross-section (within acceptance) of about 1.5 (3) mb at a center-of-mass energy of 7 (13) TeV [22, 23] , the LHCb experiment [24] is currently not only the ideal place where charm dynamics can be studied, but also the main experimental player. During the workshop, the LHCb collaboration reported measurements of mixing and CP violating observables based on an unprecedented large amount of charm-hadron decays that was collected 
Results based on samples of D 0 mesons originating from the strong D * + → D 0 π + decay (pion-tagged decays) [25, 26] ,
are combined with those obtained using D 0 mesons produced in inclusive semi-muonic b-hadron decays, B → D 0 µ − X , (muon-tagged) [27] to give the world's most precise measurements of CP asymmetries in the charm sector [26] , 
where the final uncertainties are from the limited precision of the CP asymmetries of the control channels, which are taken from external inputs [29, 30] . These values are consistent with CP conservation and improve significantly over the previously best existing measurements performed with data from e + e − collisions [31, 32] . The results show that LHCb can significantly contribute to investigating decays with neutral particles in the final state too. M. Gersabeck also discussed experimental techniques to search for direct CP violation in multi-body charm decays at LHCb, including binned and unbinned methods that can be used to look for differences in the phases-space distribution of charm and anti-charm particles. The highlight of the talk was a measurement of the D 0 → π + π − π + π − decay based on the unbinned, modelindependent method called "energy test" [33] . The method determines and compares the average phase-space distance between candidates of two separate samples (e.g. D 0 and D 0 ), in analogy with the measurement of the electrical potential in a volume of mixed positive and negative charges. Two measurements were made: one in which the two samples to be compared were defined purely by the initial neutral D flavour (sensitive to P-even asymmetries), and a second in which the samples were defined by both the D flavour and the sign of a triple-product computed from the pion momenta (sensitive to P-odd asymmetries). The data are found to be consistent with the hypothesis of CP symmetry with a p-values of (4.6 ± 0.5) × 10 −2 and (0.6 ± 0.2) × 10 −2 for the P-even and P-odd tests, respectively. While nothing significant is observed, the P-odd test hints at a possible CP-violating effect that needs to be investigated with more statistics.
Measurements of mixing and indirect CP violation in two-body and multi-body charm decays was discussed by K. Maguire and M. Martinelli respectively. Building upon the previous measurements of charm mixing and time-dependent CP-violation parameters in D 0 → K + π + decays [34] , LHCb performed an updated measurement of the decay-time-dependent ratio of "wrong-
where τ is the average D 0 lifetime. The parameters x ′ and y ′ depend linearly on the mixing parameters as x ′ ≡ x cos δ Kπ + y sin δ Kπ and y ′ ≡ y cos δ Kπ − x sin δ Kπ . The parameter R D and the strong phase δ Kπ are related to the decay amplitudes as Kπ . Allowing for CP violation, the rates R + (t) and R − (t) of initially produced D 0 and D 0 mesons are functions of independent sets of mixing parameters (R ± D , x ′2± , y ′± ), where x ′± = |q/p| ±1 (x ′ cos φ ± y ′ sin φ ) and y ′± = |q/p| ±1 (y ′ cos φ ∓ x ′ sin φ ) are sensitive to indirect CP violation. The new measurement [35] combines the promptly-produced D * + mesons of the previous result with D * + mesons originating from the semi-muonic B → D * + µ − X decay. While adding only about 2.5% more signal yield to the pion-tagged sample, these "doubly-tagged" candidates feature an improved signal purity and a complementary higher acceptance at low D decay times. As a consequence, the precision on the mixing parameters improved by up to 20% [35] :
where the uncertainties include both statistical and systematic contributions. The D 0 and D 0 mixing rates were found to be consistent with CP symmetry [35] . Indirect CP violation was also searched for by measuring the asymmetry between the effective decay widths of D 0 and D 0 mesons decaying to CP eigenstates, A Γ , which is related to the mixing and CP-violation parameters by
The measurement is based on pion-tagged decays and is performed with two independent methods yielding consistent results [36] :
The results show no evidence for CP violation and improve on the precision of the previous best determinations by nearly a factor of two. In addition to measurements of mixing and indirect CP violation using two-body decays, LHCb has also presented the first observation of charm mixing using D 0 → K + π − π + π − decays [37] . While the current measurement is still not competitive in constraining the mixing parameters with the results based on two-body decays, this multi-body mode, together with the D 0 → K 0 S π + π + channel, is expected to play an important role in future analyses using Run 2 data. M. Martinelli showed, indeed, that due to the increased production cross-section and improved detector performances, LHCb is now collecting data on these decays at a rate that is 4 to 6 times larger than what was achieved during Run 1.
An overview of mixing and CP violation measurement in two body decays of charm at the LHCb can be found in [38] .
Status and Prospects at BESIII
The BESIII experiment has been collecting data from e + e − collisions of the BEPC accelerator since 2009. Data are taken at different energies, including the Ψ(3770) that decays in a quantum correlated D 0 -D 0 state which allows for access to the strong phases between the D and D decays. BESIII measurements of the strong phase difference between D and D decays (in bins of the Dalitz plot for multi-body decays) and the coherent factors are fundamental to interpreting Belle II and LHCb charm and B measurements in terms of SM parameters. From the point of view of statistics, the B-Factories and LHCb have much larger data samples, therefore BESIII is not competitive on measurements accessible to the former two. X. R. Lyu presented several measurements, many of which will play an important role for the interpretation of LHCb [1] and Belle II results.
X. R. Lyu reported on the measurement of the strong phase between the D 0 and the D 0 decaying in the Kπ final state, cos δ Kπ = 1.02 ± 0.11 ± 0.06 ± 0.01 measured with 2.93 fb −1 of data at 3.773 GeV center of mass energy [39] . This measurement is the most precise till date. The expected precision with 10 fb −1 of data will reach 0.07. When the D 0 decays to final states with more than two particles the strong phase depends on the Dalitz plot variables. For the golden channel for measurement of the mixing and the CP violation parameters is D 0 → K 0 S π + π − , X. R. Lyu presented a preliminary study of the measurement of the sine (s i ) and cosine (c i ) of the strong-phase difference averaged in each Dalitz plot bin (i) and weighted by the absolute decay rate, with 2.93 fb −1 of data at 3.773 GeV. The measurement of c i and s i is fundamental in the model-independent measurement of γ/φ 3 in the channel B ± → DK ± with D → K 0 S π + π − . Only the statistical error was included, and a reduction of 40% on the error of the CKM angle is predicted. Other channels are under study (
and some others are planned. All of them are of great interest for Belle II and LHCb.
Preliminary results of time-integrated CP asymmetry in the SCS mode D + → K S,L K + (π 0 ) decays were presented. The measurements are all dominated by statistical error, ranging between 3% and 4%, with a systematic error between 1% and 2%. Preliminary results on branching fractions measurements have also been shown for many channels. The measurement of the branching fractions is an important ingredient for the validation of the SU (3) FL -based models discussed in section 2.1.
Finally, X. R. Lyu presented the current and expected uncertainties on |V cs |, |V cd | and on the D form factors. All of them are expected to reach the sub-% level precision in the future, with improvements on the LQCD calculations (for the CKM parameters) and increase of statistics collected by BESIII to 10 fb −1 .
Recent Results at the B-Factories and Prospects at Belle II
The B-Factories have always played a central role in charm physics. Belle and BABAR have together accumulated roughly 1.5 ab −1 of data. Belle II will accumulate 50 ab −1 of data, significantly increasing statistics and reducing the errors on measurements. With respect to the hadron machines, the B-Factories offer a clean environment with a very high trigger efficiency, excellent neutral particle identification, high flavour-tagging efficiency with low dilution and the possibility to do missing energy analyses. They pay the price with a smaller cross section and consequently smaller data samples. Given the fact that the systematic errors are quite different from those at LHCb and many measurements are overlapping, B-Factories and LHCb can be considered as complementary experiments, and both of them are crucial to search for beyond SM physics in the charm sector.
Charm measurements at Belle II will benefit not only from the increase of statistics, but also from the improved reconstruction performances of the detector and the software. A. Schwartz [40] , with errors roughly twice as large as the ones obtained by LHCb. A. Schwartz presented a Monte Carlo study on this channel that allows for the estimate of the expected precision on the mixing parameters with the improved proper time resolution at Belle II. The preliminary results allowing for CP violation are reported in Table 1 , and represent a significant improvement with respect to the Belle value scaled with luminosity.
V. Bhardwaj discussed the Belle time-dependent analysis using the Dalitz plot of the decays D 0 → K S π + π − , directly sensitive to the mixing parameters, |q/p| and its phase [41] . The Dalitz plot distribution is described by a model that includes several resonances, whose amplitudes and phases are extracted from data. The analysis is the most precise single measurement of the mixing parameters, yielding where the last error is the one related to the Dalitz plot model. A. Schwartz showed that the measurement at Belle II will be limited by the Dalitz plot model related error, that does not completely scale with luminosity. It will therefore be important to use a model-independent approach, using the sines and cosines of the strong phases measured by BESIII. He also presented a Toy MonteCarlo study similar to the one discussed above for a Dalitz Analysis of the channel
Considering only the statistical error, the expected precision on the rotated mixing parameters x ′′ and y ′′ with 50 ab −1 of data are 0.057% and 0.049% respectively. V. Bhardwaj discussed recent time-integrated CP asymmetries measured at Belle. As mentioned above, an interesting channel for the discovery of CP violation in the charm sector is D 0 → K 0 S K 0 S , since the estimated CP asymmetry may reach 1%. Belle preliminary result was presented with
S. Bahinipati showed that both the statistical and the systematic error on this measurement nicely scale with luminosity, with a potential precision of 0.2% with 50 ab −1 of data, which could be enough to find the first evidence of CP violation in charm. V. Bhardwaj and S. Bahinipati discussed the Belle measurement of CP asymmetry at Belle [42] and the prospects at Belle II for the channels An overview of the results at Belle and the prospects of measurements at Belle II can be found in [44, 45] 
Conclusion
The sessions of the WG7 saw a comprehensive review of CP violations and oscillations in the charm mesons system covering both the phenomenological and experimental aspects.
From the phenomenological side, it has been underlined that the greatest hurdle in predicting CP asymmetries in D → PP decays lies in the estimation of the penguin amplitudes which are non-local and hence not under theoretical control. This can be side-stepped by appealing to sum rules between CP asymmetries. One particular channel of interest for CP asymmetry is D 0 → K 0 S K 0 S where the suppression of the CP conserving part due to an approximate SU (3) FL symmetry enhances the asymmetry. Beyond, two-body decay channels, much can be gleaned from three-and four-body decay modes. Amplitude analysis holds the key to the measurement of strong phases and local CP asymmetries although they require large statistics. Besides direct CP asymmetries, measurement indirect CP violation in the neutral D system has seen some progress. The averaging performed by the UTfit Collaboration shows that results are compatible with the no indirect CP violation hypothesis.
During Run 1, LHCb has collected what is by far the largest sample of charm hadron decays currently available. Most of the presented results are based on this sample and in many cases have reached sensitivities close to the naive SM expectations. Direct and indirect CP asymmetries are now measured in D 0 → K + K − and D 0 → π + π − to be consistent with zero with uncertainties well below 1%. LHCb has also demonstrated to be competitive with decay to final state involving neutral particles, such as D + (s) → η ′ (→ π + π − γ)π + , where CP asymmetries are measured at the sub-% level. While Run 1 data is still being fully exploited, substantial improvements are expected from the analysis of Run 2 data, particularly for multi-body final states.
Running at the charm threshold, BESIII has produced quite a few interesting results. The importance of many of these lie in the fact that they will provide important input for many searches in LHCb [1] and Belle II. The latter will also benefit from a better detector and improved reconstruction performances in addition to a significantly larger statistical sample. With a recent measurement of CP asymmetry in D 0 → K 0 S K 0 S with the Belle data, Belle II seems well geared for this measurement with precision comparable with the current SM prediction. 
